In general, extensive internal membranes have not been considered characteristic cell components of gram-negative bacteria (6) although several workers have reported the formation of intracellular membranes by certain strains of Escherichia coli when grown in Mg2+-deficient media (6, 7), exposed to elevated temperatures (23) , or infected by bacteriophage (20) . In some cases, these internal membranes have been interpreted to be mesosomes which require special conditions of fixation and embedding so that they might be seen in the electron microscope (21) . It was shown previously that E. coli Ollla is a thermosensitive strain which, when grown at 40 C, accumulates large amounts of internal membranes (26, 27 ; R. A. Weigand and J. W. Greenawalt, Fed. Proc. 31: 414, 1972) , and it has been suggested that these intracellular membranes of E. coli Ollla also are mesosomal in nature, particularly since an apparent association with replicating deox- yribonucleic acid was demonstrated (1) . However, since no features have been shown clearly to be unique to these membranes, we have referred to them simply as "extra membranes" (26, 27 ; R. A. Weigand and J. W. Greenawalt, Fed. Proc. 31: 414, 1972) . The dimensions and ultrastructure of the extra membranes in thin sections are indistinguishable from the normal membrane components of the E. coli envelope (27) .
This temperature-dependent accumulation of large quantities of these intracellular membranes by E. coli Ollla provides a possible means of investigating a number of intriguing questions concerning both the regulation of membrane biosynthesis and assembly and the integration of these processes with other cellular activities, e.g., cell division (4, 13, 14, 23) . Prerequisite to understanding these complex interrelationships is knowledge of the nature of these extra membranes. For example, are they ultrastructurally, functionally, or chemically unique, or a combination of these, or do they represent the accumulation of a normal cellular component?
To (27) . Growth from a 2.5% inoculum was followed by changes in optical density as previously reported (27) . At 4.5 hr, the cells were harvested by centrifugation for 15 min at 10,000 x g (model SL centrifuge, Lourdes Instrument Corp., Brooklyn, N.Y.) in the cold and washed with 0.9% NaCl. Electron microscopy. Cells were prepared for examination as thin sections by fixation in glutaraldehyde followed with OS4, dehydration, and embedding in Epon 812 as previously described (26, 27) . Negative staining was carried out with 1% potassium phosphotungstate (PTA), pH 7.4, by the drop method on whole cells or cells that had been sonically treated briefly (30 sec) to permit greater penetration of the negative stain.
Freeze-fracturing and -etching were conducted in the Balzers freeze-etch unit as previously described (12) . Cells were examined after both cryoprotection in 20% (v/v) glycerol (2 hr, cold) and after direct freezing. In both cases, the appearance of the cells after replication was identical, except that the cryoprotected cells were free from ice crystals. 1A ) which do not form extra membranes (27) show the coccobacillary morphology typical of most E. coli strains, whereas the cells grown at 40 C (Fig. 1B) are, on the average, two to three times as large as control cells. This observation is in agreement with our previous findings (27) . Figure 1 illustrates two other important points. No enzymatic or chemical marker unique to the extra membranes specifically has been discovered. Therefore, it has been necessary to monitor extra-membrane synthesis and accumulation by electron microscopy. Until now this has been done by observation of thin sections of glutaraldehyde-osmium textroxidefixed cells (27; R. A. Weigand and J. W. Greenawalt, Fed. Proc. 31:414, 1972). As shown here, large extra-membrane accumulations can be detected by the negative-staining technique in unfixed E. coli Ollla grown at 40 C (Fig. 1B) , a fact which makes it possible to follow the formation of extra membranes during cell growth without having to rely upon the timeconsuming process of fixing and embedding the cells. In addition, the fact that the negatively stained cells have not been fixed indicates that the membrane whorls are not artifacts of glutaraldehyde fixation, a problem which has been encountered with mammalian cells under certain conditions (22) . As shown in Fig. 1B , the large membrane whorls often appear as large electron-lucent regions due to the failure of the contrasting agent to penetrate into the whorl. In other cases, the whorls are penetrated by the stain, and the lamellar arrangement of the membranes can be seen.
Figures 2 and 3 illustrate the remarkable morphological similarities of selected cells as seen in thin sections and negatively stained preparations. Figure 2 compares two polar whorls as seen in thin section (A) and by negative staining (B). The bulbous ends containing the whorls (Fig. 2) contribute to the similar appearance of these cells; in Fig. 2B the negative stain (PTA) has penetrated partly into the whorl, revealing the outline of membranes although structural details are not clearly visible. Centrally located whorls also can be observed in negatively stained preparations, and the similarities with regard to size and location of these structures in the fixed, embedded, and sectioned cells (Fig. 3A ) and in unfixed, negatively stained cells (Fig. 3B ) are obvious. Penetration of the PTA has been sufficient in the cell shown in Fig. 3B to allow the membranes forming the whorl to be resolved.
The complexity of the membranes forming the whorls is also indicated in negatively stained cells after brief (30 sec) sonic treatment in either distilled water or in the staining solution. In either case, the lamellar organization of the whorls is loosened, and the stain appears to penetrate between the individual membranes which form the whorls (Fig. 4) . The membranes under such circumstances appear not so much as sheets but rather as long, interconnecting structures which measure about 10 nm in thickness. It is not clear whether this appearance is due to a general disorganization or dislocation of the membrane sheets by sonic treatment; nevertheless, this procedure for "opening-up the cells" allows the clear detection of the extra membranes in E. coli Ollla cells grown at 40 C.
The ultrastructural and spatial relationships of the extra-membrane whorls to the plasma (inner) and wall (outer) membranes of E. coli have been difficult to determine from routine electron microscopy, most probably due to the complexity of the structures when accumulation has been extensive (26, 27) . Detailed examination of serial sections has not been helpful in this regard (27) . However, careful and rather painstaking examination of many thin sections has, upon occasion, revealed a direct connection(s) between the plasma membrane and the extra membrane. This is clearly seen in Fig. 5A and B.
The cell in Fig. 5A with the extra membrane. In fact, the solubilization and grossly visible diffusion of the supposedly insoluble, reduced, reaction product during dehydration and embedding have proved to be serious problems in our hands. More importantly, in the context of the present paper, the invagination of the plasma membrane to form an intracellular whorl is demonstrated quite clearly. The cell in Fig. 5B was processed in the usual way (double fixation with glutaraldehyde followed by OsOj, and an invagination of the plasma membrane (arrow) is seen distinctly. It is of interest that the plasma membrane shown here invaginates so that the outer surfaces of the membrane are in close apposition. This tight apposition of the membranes in the whorls has been observed many times in thin sections (cf. 27).
In addition to our examination of the ultrastructural appearance of the extra membranes by negative staining and thin sectioning, we have also examined in some detail unfixed, freeze-fractured cells. Again, the presence of the extra membranes in cells physically fixed (freeze-etch) for electron microscopy further supports the view that extra membranes do not result as an effect of glutaraldehyde fixation. Figure 6 illustrates that all of the images of extra membranes observed in chemically fixed cells are present in freeze-fractured preparations. Figure 6A shows a cell containing a large whorl which has been fractured obliquely through several layers of membranes forming the whorl. The tight packing of the membranes in the whorl can be seen, and the cell wall can be distinguished although individual layers are not revealed. The surfaces of the membranes in the whorl appear to be smooth relative to membranes interpreted by others to be fractured through the hydrophobic region of the membrane (3, 7, 8, 15, 16) . Extra membranes appear as vesicles in Fig. 6B and as vesiculotubules in Fig. 6C . The exposed surfaces of these membranes also appear smooth regardless of whether the vesicle has been scooped out (concave surface, '.. ) or whether the cleavage plane has passed over some surface (convex image,^) (Fig. 6B) . Most of the tubular structures have been cleaved to expose convex surfaces which also are smooth (Fig. 6C) .
Freeze-fracturing has also made it possible to compare the surfaces of the extra membranes with other structural components of E. coli Ollla cells which are not readily seen in thin sections. For example, in Fig. 7A , terminal whorls or large vesicles have been cleaved both over and under lamellae in the whorl. All cleaved membrane surfaces, i.e., the concave and convex surfaces of the whorls and those of the smaller vesicles, are smooth. The texture of the surrounding cytoplasm is markedly more particulate. Figure 7B demonstrates the smooth, cleaved surface of tubular extra membranes which appear to be arranged in a whorllike structure. It is of interest that in some places the membranes forming the tubes are in close apposition. The smooth surfaces of the extra membranes contrast both with the cytoplasm and with tightly packed particles seen in the envelope of the cell, presumably components of the peptidylglycan layer of the cell wall (cf. Fig. 7C [arrow] and references 2, 10, 19, 25). In Fig. 7D , cleavage has occurred across several membranes lying near the end of a cell in a plane essentially normal to the plane of the membrane itself. As a result, the membranes are revealed as trilaminar structures. The thickness of the membrane is about 9 nm, which is in good agreement with the dimensions reported earlier for extra membranes seen in thin sections (27) .
The relative absence of particles in the fracture planes of the extra membranes (Fig. 8B) compared to normal membranes of, E. coli reported by other workers (2, 19) constitutes the major difference seen in freeze-fractured preparations of E. coli Ollla grown at 40 C. Occasionally, surfaces are observed which are studded with particles about 7 nm in diameter (Fig. 8A) . Most commonly, however, the extra membranes cleave in a manner to reveal extremely smooth surfaces ( Fig. 8B and 6A ) typical of the surface of mesosome membranes (S. C. Holt, and R. M. Cole, unpublished observations). The relationship of the images seen in freeze-fractured cells, thin sections, and negatively stained preparations to the chemical composition of envelope components is not clear at the present time (10, 20, 25) . Although it is generally agreed that membranes in mammalian cells tend to fracture so that components within the membrane itself are revealed (3, 8, 9, 15, 16) , similar agreement has not been reached with regard to the envelope structures of E. coli (2, 7, 19) . It is possible that the smooth appearance of the fractured surfaces of the extra membranes is related to their high content of phospholipid (see below). Regardless, it is obvious from images such as those shown in Fig. 6A and 8B that the surfaces of extra membrane in E. coli Ollla revealed by freeze-cleavage contrast markedly with that shown in Fig. 8A and with those described for other membranes. This study also confirms and extends the observation that the intracellular membranes in E. coli originate from and are continuous with the plasma membrane (1, 27) . However, no detailed ultrastructural study of the sequence of extra-membrane formation has been reported even though it seems likely that invagination of the plasma membrane constitutes one of the early steps in their formation. It has not yet been established whether the extra membranes perform any specialized activities. In fact, the question of whether specialized functions are associated with the membranes of mesosomes has not been established unequivocably. It should be mentioned that the invaginations of the plasma membrane which joins the extra membranes in E. coli Ollla are generally dissimilar from the mesosomal structures described for gram-positive bacteria. In general, the invaginations in E. coli Ollla seem to be direct extensions of the plasma membrane and do not appear to form a pocket into which a "string of beads" structure typical of grampositive mesosomes is coiled (21, 23) although a sac-like invagination is seen in Fig. 5A . These differences could be due to the amount and complexity of the structures seen in E. coli Ollla, to the physiology of the cells, or to the methods of fixation. The appearance of the extra membranes could be related to the fact that gram-negative bacteria generally have more lamellar type membranes in the relatively few mesosomes which have been reported. Also, the apparent tendency of the invaginating membranes of E. coli Ollla cells to adhere in places to form membrane layers in tight apposition (27) contrasts with most models proposed to describe mesosome formation (23) . It is of interest to speculate that extra membranes accumulate as a result of a malfunction in the integration of biosynthetic and cell division processes (13, 14, 23) . In this regard, extra membrane formation may reflect the lack of regulation in the synthesis of septal membranes as well as other components of the cell envelope.
The results of the freeze-fracturing studies reported here provide the first ultrastructural observations which might be interpreted as evidence that a fundamental difference exists between the extra membranes and plasma membranes of E. coli. Other workers (2, 19) have shown the presence of large numbers of particles in the membranes of E. coli which have been freeze-fractured. It is not completely clear, however, whether the particles in E. coli are analogous to those seen in freeze-fractured membranes of mammalian cells. In the latter case, it is now generally accepted that cleavage most often occurs through the hydrophobic regions of the membrane, revealing the particles which are intrinsic to that internal region of the membrane. Nevertheless, the membrane surfaces of extra-membrane-containing cells of E. coli Ollla which are revealed by freeze-fracturing are most often devoid of particles. As suggested above, these results could be due to a basic difference in the molecular architecture of the extra membranes, i.e., the particles actually are not present as an intrinsic part of the extra membranes. Alternatively, if the plane of cleavage in the normal versus extra membranes were different, similar results would be obtained. At present, it is impossible to choose between these alternatives.
The possibility that the extra membranes fracture along a different plane than do normal membranes must be considered. In such a case, the particles would not be seen even though they were present. The fact that both convex and concave surfaces which appear not to contain particles are frequently seen suggests that cleavage may tend to occur over or under extra-membrane-containing structures and not through the lipid bilayer itself; this is similar to the results reported for the thylakoid membranes in Synechococcus lividus (11) . Such an alteration might be caused by the tight apposition with which the extra membranes associate. Also, lipid-rich structures have been reported to yield smooth profiles in freeze-fractured preparations (5, 22 (17, 18) have shown that the NADH dehydrogenase is distributed differentially from other membrane-bound activities in subcellular fractions from M. lysodeikticus.
